A sustainable and low-cost point-of-use household drinking water solar disinfection (SODIS) technology was successfully applied to treat microbiologically contaminated water. Field experiments were conducted to determine the efficiency of SODIS and evaluate the potential benefits and limitations of SODIS under local climatic conditions in Karachi, Pakistan. In order to enhance the efficiency of SODIS, the application of physical interventions were also investigated.
INTRODUCTION

One of the key United Nations Millennium Development
Goals is to halve the proportion of people without sustainable access to safe drinking water and basic sanitation by SODIS or solar disinfection is an effective water treatment process mostly used to remove pathogens from the water which can be used for drinking and other purposes. In this method, microbiologically contaminated water is filled in polyethylene terephthalate (PET) transparent plastic bottles and exposed to sunlight for a specific period of time.
This uncomplicated method disinfects the water by inactivating the waterborne pathogens (Berney et al. a) .
SODIS has a high potential for application as a POU water treatment technology. This method is now used by more than 2 million people in 31 countries for the treatment of their drinking water (Schmid et al. ) .
More than 40% of Karachi's population live in squatter settlements. These areas have limited and contaminated water supplies. Luby et al. () conducted a study in a squatter settlement of Karachi and found that 85% of the drinking water samples were contaminated with coliform bacteria. Therefore, these people need application of POU technology to obtain safe drinking water and SODIS has the potential to be used by residents of squatter settlements.
Most previous studies on SODIS were conducted in various parts of the developed world. Among the developing countries, field trials have been carried out in Haiti, India and Nepal, but there is no reported detailed research conducted in Pakistan.
There are also concerns about health risks associated with the use of PET bottles, because of the possibility of migration of toxic chemicals from them into the drinking water. During the SODIS process, water in PET bottles is exposed to heat and light. This exposure may result in the formation of photoproducts and also migration of PET compounds from bottles into the water. Schmid et al. () conducted a study to quantify migration of plasticizers and to identify and characterize additional organic compounds released from PET during the SODIS process. They studied the migration of organic components from PET bottles used for SODIS in Honduras, Nepal and Switzerland. However, no such studies have been carried out for bottles manufactured in Pakistan. Hence, it is important to check the leaching of plasticizers in SODIS-treated water under local conditions.
In the present study, the authors discuss the performance and effectiveness of SODIS under local climatic conditions of a mega-city located in the developing world.
In the setting of a developing country, contaminated public water supply samples containing naturally occurring organisms have been used instead of laboratory grown microorganisms. Moreover, the impact of physical interventions on the efficiency of SODIS along with microbial regrowth and concentration of plasticizer in SODIS-treated water has been assessed.
MATERIALS AND METHODS
Experimental setup
The experiments were carried out at the NED University of organisms, inactivate at faster rates. Therefore, for this study, water already contaminated (naturally) with microorganisms was used. Water samples were taken using sterile 1.5-L PET bottles and transported in darkness to the NED University for solar experimentation and microbiological analysis of samples. Water collected in PET bottles was exposed to direct sunlight on the rooftop of the departmental building. Time of exposure was 8 h from 09:00 to 17:00 h.
A set of 24 experiments was performed to evaluate the effect of sunlight on the microbial inactivation with different weather conditions throughout the annual cycle.
Batch reactors
Commercially available PET containers were used as batch reactors for all experiments. They were selected with the following factors in mind: 
Sample analysis
Microbiological examination
Microbiological examination (total coliforms (TC) and fecal coliforms (FC)) of water samples in duplicate collected from Heterotrophic and total plate count was determined by the streak plate method using nutrient agar (Merck) as a selective medium. A water sample of 1 mL from each batch reactor (absorptive, reflective and transmissive surface) was serially diluted and then samples from appropriate dilutions were streaked on nutrient agar plates. The plates were incubated at 37 ± 0.5 W C for 48 h.
After the incubation period, growth was recorded and colony forming units (CFU)/mL were calculated for each sample.
For water that had been treated (exposure to sunlight for 8 h), microbial regrowth was determined to check the efficacy of the treatment and to test how long the microbes in water remain inactivated. Sample bottles were kept at room temperature for 1 week and then regrowth was checked.
Physicochemical examination
Physical and chemical parameters, such as temperature, electrical conductivity (EC), dissolved oxygen (DO), turbidity and pH, were analyzed by Standard Methods (APHA ). Water temperatures and weather conditions were recorded hourly, and pH and temperature were measured periodically using a pH meter (Mi151, Martini) and a digital thermometer with type K thermocouple (DT012, Summit), respectively. DO was measured using a DO meter (DO1175 P/N: 50175-00, HACH) with a DO probe (50180, UK) while EC was measured using a conductivity meter (HACH 51800-10 with electrode P/N 51975-00). Turbidity of water samples was measured by a turbidity meter (HACH 16800).
Solar radiation
Sunlight radiation was monitored on-site at regular intervals of 60 min with a SP-110 Pyranometer (Apogee Instruments
Inc., Logan, USA). The initial water temperature was 28.07 ± 1.0 W C across all experiments. The solar radiation data and maximum water temperatures provided relative data for diverse weather situations.
Plasticizer analysis
In the first step, pure (distilled) water was used to fill four PET bottles, and the bottles were stored under two different conditions: (a) usual SODIS conditions; and (b) SODIS conditions with additional heating.
Colorless PET beverage bottles appropriate for SODIS of raw water were pre-rinsed and filled with pure water (water for chromatography, Merck, Germany). Exposure to sunlight was conducted on 2 consecutive sunny, cloudless days (12 and 13 October 2011) at the NED campus, Karachi, Pakistan (lat. 24 W 56 0 03 00 N). Two bottles (used þ reused, where used indicates a bottle that was used a second time and reused indicates a bottle that has been used more than twice) for SODIS treatment were exposed in horizontal position at a maximum ambient temperature of 34 W C while two bottles (used þ reused) were put half-way in a water bath kept at 60 W C.
The samples were analyzed by gas chromatography (Perkin Elmer Clarus 500 GC Autosystem, Norwalk, USA). Samples were prepared and analyzed following the procedure discussed by Bosnir et al. () .
RESULTS AND DISCUSSION
Sample characteristics Diverse weather conditions The heterotrophic plate count (HPC) test was performed for all water samples by using nutrient agar as a growth medium. The CFU/mL were calculated for these samples taken at different time interval during the SODIS treatment.
Bactericidal effects of solar radiation were determined for three different surfaces (reflective, absorptive and transmissive) (Figures 6-8 ).
Under moderate and strong sunlight conditions, microbial inactivation was significant within the first 1.5 h (Figure 7 and 8 ). An exponential decrease in HPC was noted during later hours. This decrease in microbial count occurred during the hours when the sunlight was highest on that day. In both conditions, inactivation starts after the treatment and there was no lag period of microbial growth. Moreover, the reflective surface was found to be most appropriate for SODIS treatment during weak and moderate sunlight conditions. This may be due to the fact that short wavelength visible radiations and UVA rays are Results of experiments conducted throughout the annual cycle indicate that SODIS is effective in achieving complete disinfection only under strong sunlight conditions. However, substantial improvement in water quality was achieved during moderate conditions. Thus, SODIS can be used by residents of squatter settlements of Karachi as a POU technology effectively for complete disinfection of contaminated water only under strong sunlight conditions. In the case of strong sunlight conditions for both TC and FC parameters, SODIS led to the achievement of potable water guideline values, i.e. 0 CFU/100 mL for both TC and FC.
Microbial inactivation kinetics
Microbial population inactivation kinetics was determined using the following mathematical equation (Jacobs ):
where dN t /dt ¼ rate of change in concentration of organisms with time, k ¼ inactivation rate constant, T À1 ; N t ¼ number of organisms at time t; t ¼ time.
By integrating Equation (1),
where N 0 and N t represent the numbers of cells (CFU/mL) at zero time and at time t, respectively. sunlight conditions, while for strong sunlight conditions, the absorptive reactors were found to be the best for SODIS treatment (Table 1) 
Microbial regrowth
During this study, microbial regrowth or reactivation of microorganisms was also monitored. SODIS-treated water samples in batch reactors were stored for 1 week at room temperature under dark conditions. Regrowth of microorganisms was found to occur in 51% of samples.
Some bacteria revived after many hours of storage and Table 4 shows concentrations of di(2-ethylhexyl)phthalate (DEHP) in SODIS-treated water under different exposure conditions. Concentrations of DEHP in water from bottles (used and reused) exposed to sunlight and heated to 60 W C are higher than the level in the sample from reused bottles exposed to sunlight at ambient temperature. Table 4 
Plasticizer concentration
